Introduction

92
To model, using advanced transient CFD the wake of the model HAWT to capture 93 the development of a HAWT near wake including the root vortex structure.
94
To establish a meshing strategy for near wake analysis.
95
To assess the ability of the SST k-ω model (coupled with the Vorticity Confinement 
Wind Tunnel Facility
100
This investigation was carried out in a closed loop return wind tunnel at Queens University, 
150
Performance characteristics were not recorded for the current study as the main focus was 151 to investigate mean and fluctuating velocity components as opposed to performance. 
Velocity Measurement Techniques and Experimental Uncertainty
153
All velocity measurements were recorded using a two-component hot-wire x-probe. The
154
Constant Temperature Anemometry (CTA) system used in this study was a TSI IFA 300 155 system with a Dell Optiplex GX620 computer and THERMALPRO software. All measure-
156
ments were recorded with a TSI 1240-T1.5 5 µm x-wire. In an attempt to capture the
Introduction
180
All simulations were carried out using the finite volume solver Star CCM+ and were 181 solved using a HPC cluster (Fionn) of the Irish Centre for High-End Computing (ICHEC).
182
Both the SST k − ω and RST models (EB-RSM model included) were run using 192 cores
183
respectively. All models simulated 2s of physical time with a timestep value that repre-184 sented one degree of rotation. The timestep used in this study is similar to that used by 185 Li et al. [3] and Valiadis et al. [32] . Convergence criteria were enabled on the x, y and 
SST k-ω Turbulence Model
216
Numerical simulations were firstly carried out using the implicit unsteady Shear Stress Trans- 
The shortcomings of eddy viscosity models representing highly complex rotational flows has An example of the modified x-direction momentum equation is defined as
where the forcing term is defined as
where ω is vorticity, ǫ is a user-defined constant (default value of 0.04 for three-dimensional 240 cases) andn is the unit vector. The flow was modelled as an unsteady turbulent gas, U nsteadyT erm ∂ ρu
The RST model used the same physics continua at the SST k-ω model. 
Pressure-Strain Term used in Reynolds Stress Transport Model
260
The pressure strain relationship is highly important regarding the subject of turbulence versal" wall behaviour [41] . 
10
The linear pressure-strain model used in this case expresses the pressure-strain term as three 285 components: The EB-RSM is based on a blending of near-wall and quadratic pressure-strain models for 318 the pressure strain and dissipation, defined as follows: 
328
The EB-RSM model used the same physics continua at the SST k-ω model. An Atmospheric Boundary Layer (ABL) was not modelled as it was deemed necessary to 356 assess each models ability to predict wake characteristics with a uniform inlet velocity first.
357
The introduction of an ABL would have complicated the simulation and make it difficult to 358 determine if inaccuracies in the models were resulting from mesh quality, turbulence models The low y + wall treatment assumes that the viscous sublayer is well resolved by the mesh, The use of these treatments is dependant on the y + values over the geometry where y + is a 445 non-dimensional wall-normal distance, defined as:
where y is the normal distance from the wall to the wall-cell centroid. The term u ⋆ is a 448 reference velocity and ν is the kinematic viscosity. The reference velocity is related to the 449 wall shear stress as follows:
where τ w is the wall shear stress and ρ is fluid density. 
19
The ability of each model to predict turbulence characteristics of the wake is also investi-gated. With respect to future wind turbine structural modelling attempts, an understanding of the spatial distribution of stresses generated within the wake is important. Additionally, Again, for the current study, the HAWT is rotating in an anti-clockwise direction. This 536 applies a torque to the wake, which results in a clockwise rotating wake and therefore a 537 20 clockwise rotating root vortex system. This, would result in the root vortex system drifting outboard towards the right, which results in a wake centre that is off centre and to the right 539 of the nacelle/tower structure.
541
Velocity deficit values are seen to concentrate behind the hub structure (figures 11a, 11b and 542 11c). The velocity deficit extends 0.5R, which would suggest that the root vortex system 543 and the turbine structure are the major contributors to the wake velocity deficit, as shown 544 in figure 11 . However, beyond 0.5R the velocity deficit is seen to recover rapidly, which be considered for future works on this topic. The nose cone design used has a great impact 574 on the formation of the wake, particularly the centre of the wake structure as flow over the 575 nose cone alters flow over the blade roots and therefore alters the structure of the central 576 vortex system of the HAWT wake. In the current study the wake structure is defined by a 577 velocity deficit generated by the central root vortex system and the tower/nacelle structure.
578
This central system is surrounded (seen on the upper half of the wake outside the influence 579 on the turbine structure in figure 12A ) by a region of fluid moving at freestream velocity. were -8%, -43% and -7% for the SST k − ω, RST and EB-RSM models respectively at 0.66D.
727
With distance downstream, the RST model tended to more closely resemble experimental . In the linear pressure-strain approach, the computation is divided into two layers.
In the layer adjacent to the wall, the turbulent dissipation rate ǫ and the turbulent viscosity 1, 2 and 3 for both TSR cases for both mean velocity deficit and rms fluctuating velocities.
904
Over a range of 0-1, the lower the RSME value, the better the behaviour of the numerical 905 model. The maximum RSME value for the mean velocity deficit was 0.083 (RST model 906 predictions at 1D for a TSR value of 3.87) The maximum RSME value for the fluctuating u 907 velocities was 0.028 (RST model predictions at 0.66D for a TSR value of 3.87). The maxi-908 mum RSME value for the fluctuating v velocities was 0.026 (SST k-ω model predictions at 909 1D and 1.5D for a TSR value of 2.54). The current study was undertaken to investigate the ability of different turbulence models 951 to accurately predict the turbulence characteristics of a HAWT wake. This is important for 
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